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a b s t r a c t
The Brazilian oil shale byproducts resulting from the Petrosix pyrolysis (retortage) process were sub-
mitted to a set of analytical techniques to evaluate their possible use as agricultural soil conditioners.
Liquid dichloromethane extracts from the solid samples were analyzed using capillary column gas
chromatography–mass spectrometry. The results showed that of the 16 PAHs designated by the U.S. EPA
as priority pollutants, only phenanthrene, ﬂuorene and naphthalene, present in the retorted oil shale
sample taken from inside storage piles; benzo[k]ﬂuoranthene, present in the dolomite limestone layer
between the two layers of oil shale in the mine structure; and naphthalene, present in powdered raw
oil shale, were above the limits established by the EPA. The solid Brazilian oil shale byproduct samples
were also analyzed by X-ray diffractometry (XRD), diffuse reﬂectance ultraviolet–visible spectroscopy
(DRUV–VIS), X-ray ﬂuorescence spectroscopy (XRF) and electron paramagnetic resonance (EPR) spec-
troscopy. The XRD analysis showed that the pyrolysis process produces a “weathering” transformation,
for example with the appearance of kaolinite diffraction lines in the retorted samples. The DRUV–VIS
and XRF spectroscopy results indicated iron oxide goethite interactions with the PAHs present in the
solid samples studied. The EPR spectroscopy showed that the samples row oil shale (g=2.0044) and
the powder oil shale (g=2.0035), before the dichloromethane extraction, presented organic free radi-
cal signals associated with oxygen atoms. The other Brazilian oil shale byproduct samples, before and
after the dichloromethane extraction, showed organic free radical signals associated with carbon atoms
(g=2.0022–2.0031).
. Introduction
The most important Brazilian oil shale reserve, the Irati
yrobituminousoil shale reserve, crosses the country fromtheMid-
estern to Southern regions, covering the states of Mato Grosso
o Sul, São Paulo, Paraná, Santa Catarina and Rio Grande do Sul.
his occupies an important production region for grain, sugarcane
nd cattle. In the 1960s, the Brazilian government’s oil company,
etrobras, started developing a process called Petrosix® to extract
il from oil shale. The Petrosix process produces a huge quan-
ity of solid oil shale byproducts that can be used by the asphalt,
∗ Corresponding author at: Departamento de Química, Universidade Federal do
araná, UFPR, 81531-990 Curitiba, PR, Brazil. Tel.: +55 4133613182;
ax: +55 4133613006.
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165-2370 © 2010 Elsevier B.V. Open access under the Elsevier OA license. 
oi:10.1016/j.jaap.2010.11.001© 2010 Elsevier B.V. Open access under the Elsevier OA license.
cement and ceramics industries, and in agriculture to increase the
security (stabilization) and fertility of the country’s tropical soils,
which are typically weathered and poor in nutrients. In recent
years, the Brazilian Agricultural Research Corporation (Embrapa)
and the Paraná State Agronomic Institute (IAPAR) were contracted
by Petrobras to study the efﬁcacy and safety of using Brazilian oil
shale byproducts as agricultural inputs.
The soil is the biggest environmental recipient from deposition
of organic wastes from industrial activities. Thus, many studies
have been conducted of the interactions that occur in the solid
phase of soil desorption and bioavailability of soil contaminants
[1].Both cyclic and polycyclic aromatic hydrocarbons (PAHs) are
common environmental pollutants that effect ﬂora and fauna,
resulting in the absorption and accumulation of these toxic agents
on the food chain, in many cases causing serious health or congen-
ital problems [2].
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PAHs form a group of chemical compounds found in every envi-
onment. Theyhave lowwater solubility under ambient conditions,
ut the presence of organic solvents may increase their apparent
olubility, formingmicelles, which have been shown to be resistant
o thermal decomposition for a period of six hours, with decom-
osition of just a few parts per million [3]. However, Wang et al.
4] demonstrated the possibility of cleaning PAH-contaminated
oils by photochemical techniques under practical condition in the
resence of iron oxides. The results showed that the pyrene pho-
odegradation rate is greater in the presence of goethite.
In this work a diversity of analytical techniques have been used
o characterize Brazilian oil shale byproducts with a view to their
se as soil conditioners. The idea is to evaluate if their addition to
oil is recommended, and if so, whether this is appropriate for food
roduction or agro-energy industries (sugarcane growing), or both.
. Experimental
.1. Petrosix process
Petrosix is one of ﬁve technologies of shale oil extraction, which
s currently in commercial use. It is an above-ground retorting tech-
ology, which uses externally generated hot gas for the oil shale
yrolysis. After mining the shale is transported to a crusher, where
t is reduced to particles (lump shale). These particles aremeasured
etween 12mm (0.5 in.) and 75mm (3.0 in.) and have an approx-
mately parallelepipedic shape. These particles are transported on
belt to a vertical cylindrical vessel, where the shale to be heated
or pyrolysis up to the temperature about 500 ◦C. Oil shale enters
hrough the top and is heated with reheated recycled gases as it
oves down. As of result, the kerogen will yield in the form of oil
nd gas. Retorted oil shale is discharged from the bottom, while
il vapors and gases are discharged through the top. Oil vapors
re cooled to condensate, and shale gases undergo another clean-
ng process for light oil extraction. The rest is then sent to the gas
reatment unit, where fuel and liqueﬁed petroleum gas (LPG) are
roduced and sulfur recovered. Part of the cooled retort gas is used
s fuel in a tubular heater, part is heated in the heater’s pipes and
ecirculated back to the middle of the retort as hot gas carrier for
eating and pyrolysing the oil shale feed, and part is circulated and
nters into the bottom of the retort, where it cools down the hot
hale coke, heated up itself, and ascends into the pyrolysis section
or heating the oil shale feed as supplementary heat source. The
rawback of this process is that the potential heat of ﬁxed carbon
ontained in the shale coke is not utilized.
.2. Chemical reagents and samples
All chemical reagents and solvents had a high degree of purity
nd were used without prior puriﬁcation. Distilled and deionized
ater was used to prepare all aqueous solutions. For extractions of
AHs, dichloromethane (DCM) (Aldrich) was used as a solvent, and
cetonitrile and hexane (Aldrich) were used to prepare samples
or spectrometry. The 16 PAHs determined by U.S. EPA as prior-
ty pollutants were purchased from AccuStandard Inc. in 1.0mL
mpoules at a concentration of 2000g/mL in DCM as solvent.
he organic wax (N,N′-bis-estearoil-ethylenodiamine) used for the
-ray ﬂuorescence (XRF) analyses was obtained from Hoechst
achs.
The samples analyzed were gross size raw oil shale (ROS), pow-
ered raw oil shale (POS), retorted oil shale collected on the surface
f the storage pile (OSRsur), retorted oil shale collected inside
he storage pile (OSRins) and dolomite limestone (DLS) (layer of
olomite limestone between the two layers of oil shale in the mine
tructure). The solid sampleswere collected randomly in the Indus-
rial Prototype Unit of the Shale Industrialization Business Unitpplied Pyrolysis 90 (2011) 112–117 113
(SIX), located on the periphery of the town of São Mateus do Sul
in the state of Paraná, Brazil.
2.3. Analysis
2.3.1. X-ray diffractometry (XRD)
XRD technique was used to analyze the mineralogical compo-
sition of the Brazilian oil shale byproduct samples. In this case,
approximately2gof the solid sampleswasplaced in25-mmdiame-
ter sample holder and analyzed in a Philips PW3020diffractometer
using CuK radiation (=1.5418 A˚) with electrical parameters of
40kV and 40mA. The scanning angles ranged from 3 to 70◦ (2)
(speed of 2◦ min−1).
2.3.2. Extraction of the PAHs from the solid samples with
dichloromethane (DCM)
For extraction of PAHs the U.S. EPA method 3550 was optimized
using ultrasonic extraction with DCM as solvent. In a glass ﬂask
with cap, 2 g was weighed of each Brazilian oil shale byproduct
sample (ROS, POS, OSRsur, OSRins andDLS). The sampleswere then
submitted to three consecutive extractions with 8mL of DCM each
time,by3minutesofultrasonic stirring (ThorntonUnique1450USC
ultrasonic cleaner) and 5minutes of centrifugation at 907.652× g
(2500 rpm) (Janetzk T23 centrifuge).
2.3.3. Gas chromatography–mass spectrometric (GC–MS)
analyses
For the qualiﬁcation and quantiﬁcation of the 16 PAHs listed by
the U.S. EPA, the DCM extract solution samples were analyzed by
gas chromatography (GC) andmass spectrometry (MS). TheGC–MS
split injection method was used (Shimadzu GC-2010), with auto-
matic self-jet samples (AOC - 20i) coupled to a quadrupole mass
detector (Shimadzu GC-MS-QP-2010 high resolution), equipped
with aDB-WAX column (J&WScientiﬁc, USA) (30m×0.25mm I.D.;
ﬁlm thickness: 0.25mm). Helium gas ﬂow and pressure of 80psi
were used [5–9]. Liquid samples were ﬁltered using a Millex mem-
brane of 0.22m pore size, then evaporated to dryness in a N2
atmosphere and diluted in 4mL of hexane. These samples were
puriﬁed ina silica column(clean-up) (methodadapted fromtheU.S.
EPA C-3630 method). The samples were once again evaporated to
dryness in aN2 atmosphere and diluted in 4mLof acetonitrile:DCM
solution (3 ACN:1 DCM). Part of this solution (1mL) was evapo-
rated to dryness in a N2 atmosphere and the volume was adjusted
to 100L, in acetonitrile, and analyzed byGC–MS. For GC–MS anal-
ysis of the 16 PAHs, the U.S. EPA method-8270D (which refers to
semi-volatile organic compounds) was used.
The quantiﬁcation was done against an external standard ana-
lytical curve, constructed with solutions prepared from the liquid
pattern purchased from the AccuStandard Inc. GC–MS quantiﬁca-
tion of the target PAH was as follows: 1-naphthalene (NAPH)-128;
2-acenaphthylene (ACNPY)-152; 3-acenaphthene (ACNPE)-154;
4-ﬂuorene (FLUO)-166; 5-phenanthrene (PHE)-178; 6-anthracene
(ANTHR)-178; 7-ﬂuoranthene (FLT)-202; 8-pyrene (PYR)-202;
9-benzo[a]anthracene (BaA)-228; 10-crysene (CHRY)-228;
11-benzo[b]ﬂuoranthene (BbF)-252; 12-benzo[k]ﬂuoranthene
(BkF)-252; 13-benzo[a]pyrene (BaP)-252; 14-indeno[1,2,3-cd]-
pyrene (IND)-276; 15-dibenz[ah]anthracene (DBA)-278 and
16-benzo[ghi]perylene (BGP)-276.2.3.4. Ultraviolet–visible spectroscopy (UV–VIS)
The UV–VIS technique analysis of the DCM extract solution was
performed using a Shimadzu UV-2401PC spectrophotometer with
the liquid samples placed in quartz cells. The scanning wavelength
range was 200–800nm.
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.3.5. X-ray ﬂuorescence spectroscopy (XRF)
To determine the percentage, in terms of oxides, of the chemical
lements, Si, Al, S, Fe, K, Mg, Na, Ca and Ti, the Brazilian oil shale
yproduct samples, before and after being submitted to extrac-
ion with DCM, were analyzed by XRF spectroscopy. This entailed
eighing 7g of each sample to 1.4 g of the organic wax glue (N,N′-
is-estearoil ethylenodiamine). The samples were homogenized,
ressed and then analyzed in a Philips PW 2400 spectrometer.
.3.6. Diffuse reﬂectance ultraviolet–visible spectroscopy
DRUV–VIS)
Samples of oil shale and its byproducts in solid state, before
nd after being submitted to extraction with DCM, were ana-
yzed by the DRUV–VIS technique. The analyses of solid samples
ere performed using a Shimadzu UV-2401PC spectrophotome-
er, equipped with a 240-52454-01 integration sphere accessory.
he solid material was ground in a pan grinder to 200mesh size.
hen this material was analyzed after being compressed carefully
n the spectrophotometer cell.
.3.7. Electron paramagnetic resonance spectroscopy (EPR)
EPR spectroscopy analyseswere performed in Brazilian oil shale
yproduct at room temperature (∼300K) with the samples, before
nd after being submitted to extraction with DCM, ﬁrmly accom-
odated in quartz tubes. The sampleswereweighed and theheight
f the sample in the quartz tubes was measured to determine the
pin density (numbers of spins g−1) of the sample against the weak
itch pattern (Bruker Cia.). The Bruker EMX spectrophotometer
as operated at a frequency around 9.5GHz (X-band), precisely
etermined, with a modulation frequency of 100kHz, amplitude
odulated from 2.024G and microwave power of approximately
0mW [10].
. Results and discussion
.1. X-ray diffractometry (XRD)
The X-ray diffraction analysis results for all samples studied are
hown in Fig. 1. The oil shale and its byproducts are good examples
f soils in different stages of weathering. Quartz (Q), for example,
s a mineral from the intermediate weathering stage. Diffraction
eaks for quartz at 3.34, 4.25 and 1.82 A˚ were common for all the
tudied samples. In the non-retorted samples (ROS, POS and DLS)
here were diffraction peaks for pyrite (P), a mineral characteristic
f the early stageofweathering, around1.63, 2.71 and2.42 A˚,which
ig. 1. X-raydiffractograms forROS, POS,DLS,OSRsur andOSRins samples. Symbols:
Q) quartz; (P) pyrite; (Go) goethite; (He) hematite; (A) albite; (K) kaolinite.Fig. 2. PAHs identiﬁed in ROS, POS, OSRsur, OSRins and DLS samples determined by
GC–MS technique.
disappeared in the samples after pyrolysis (OSRsur, OSRins). This
occurrence can be explained by the chemical oxidation reaction of
pyrite to sulfuric acid and goethite (Go), in a similar soil weathering
process:
4FeS2
pyrite
+ 10H2O + 15O2 → 4FeOOH
goethite
+ 8H2SO4
The XRD analysis results (Fig. 1) also present diffraction peaks
of the albite structure (A), also a feldspar common to the early soil
weathering stage, around 3.17, 3.21 and 3.75 A˚, and kaolinite (K),
a clay mineral from the advanced weathering stage, around 7.17,
1.49 and 3.58 A˚. Kaolinite diffraction peakswere present only in the
twopyrolysed samples (OSRsur andOSRins). This phenomenon can
be explained by the following common chemical reactions in soil
whereby albite, or others inorganic structures common to the early
stage, like allophone, are weathered into kaolinite [11]:
Si3Al4O12 · nH2O(s)
allophane
+ 9/2H2O → 3/4Si4Al4O10(OH)8
kaolinite
+ Al(OH)3(s)
gibbsite
+nH2O
4KAlSi3O8
albite
+ 4H+ + 18H2O → Si4Al4O10(OH)8
kaolinite
+ 4K+ + 8Si(OH)4
We also observed that the diffraction peaks of goethite (Go)
were only slightly displaced, from 4.18, 2.69 and 2.45 A˚ to 4.04,
2.68 and 2.42 A˚, respectively. The same occurred for hematite (He),
with only a small displacement of the diffraction peaks, from 2.69,
1.69 and 2.51 A˚ to 2.68, 1.62 and 2.53 A˚, respectively. This can be
explained because some hematite and goethite structures undergo
transformation [12] during the pyrolysis process, when heating
promotes the transition of some goethite (-FeOOH) into hematite
(-Fe2O3).
3.2. GC–MS analyses
The concentrations of PAHs in the Brazilian oil shale byprod-
uct samples are shown in Fig. 2. It can be seen that the PAH levels
are very different in each sample. In the established analytic con-
ditions for determination of semi-volatile organic compounds in
soils and sediments by GC–MS (U.S. EPA method 8270D), which
is compatible with the methods 3550B (ultrasonic extraction) and
3630C (clean-up in silica column), the maximum limit established
J. Nicolini et al. / Journal of Analytical and A
F
u
2
b
P
b
i
(
l
s
f
s
o
c
P
3
b
s
(
a
t
R
h
b
[
3+ 3+
T
Xig. 3. UV–VIS spectroscopy analyses for ROS, POS, OSRsur, OSRins and DLSand liq-
id samples of DCM extracts after sonication extraction in the spectral range of
00–800nm.
y the U.S. EPA (660gkg−1) were exceeded only by 5 of the 16
AHs analyzed.
It is known that PAHs are products of organic matter rich in car-
on resulting from incomplete combustion [13]. As canbeobserved
n Fig. 2, out of 16 PAHs, only BkF (present inDLS), PHE, FLUO, NAPH
present in OSRins) and NAPH (present in the POS) were above the
imit established by the EPA. We believe that air, humidity and
olar heat can cause oxidation reactions on the storage pile sur-
ace, destroying the PAHs in the OSRsur sample [14].Wang et al. [4]
howed that the PAH pyrene undergoes faster photo degradation
n the goethite surface. The adsorption on the iron oxide surface
ould be another possibility to explain the low concentration of
AHs in the ﬁltered solution.
.3. UV–VIS spectroscopy
The analyses of the extracted solutions byUV–VIS spectroscopy,
efore ﬁltration using a Millex membrane with 0.22m pore size,
howspectrawithcharacteristicbandsofpolyaromatic compounds
236–414nm) (Fig. 3) [15]. Thewidest absorptionbands, suggesting
naromatic structurewithagreaterdegreeof condensation, belong
o extracts from the two non-pyrolysed oil shale samples (POS and
OS). This indicates that the temperature of the pyrolysis process
ad broken the aromatic structure.
Another interesting observation was the presence of two weak
ands at 548 and 574nm (Fig. 3). According to the literature
15–17], bands in this region of the spectrum refer to electronic d–d
able 1
RF results. Comparison of the oil shale byproducts’composition in terms of oxide of som
Samples Concentrations (%)
SiO2 Al2O3 SO3 Fe2O3
ROSa 44.4 10.2 6.5 5.1
ROSb 45.7 10.4 6.3 4.4
POSa 49.9 11.7 4.4 5.0
POSb 51.9 12.5 4.2 4.5
OSRsura 50.7 10.9 7.0 6.5
OSRsurb 53.0 11.2 6.1 5.4
OSRinsa 47.9 10.3 7.2 6.3
OSRinsb 49.7 10.8 6.3 5.4
DLSa 48.2 8.7 2.9 4.3
DLSb 49.4 9.3 2.9 3.4
a Samples analyzed before PAH extraction with DCM.
b Samples analyzed after PAH extraction with DCM.pplied Pyrolysis 90 (2011) 112–117 115
transitions (6A1(S)→ 4Eg, 4A1g(G)) of Fe3+–Fe3+pairswithmagnetic
interactions (see below) [18].
3.4. XRF spectroscopy
Table 1 presents the results of XRF analyses of the oil shale
byproducts, before andafter PAHextractionwithdichloromethane,
for, SiO2, Al2O3, SO3, Fe2O3, K2O, MgO, Na2O, CaO and TiO2. The
results show that the level of ironoxidewas lower in all the samples
after extraction of the Brazilian oil shale byproduct samples than
beforehand. The lower levels of iron oxide were compensated, in
general, by higher levels of MgO and SiO2 in the extracted samples.
The elements P, Zr, Sr, Rb, Pb, Cu, Ni, Mn, Y, As, Zn, Ba, Cl, Cr and
Cu were determined, in oxide form, all in percentage at or below
0.4 gkg−1.
3.5. DRUV spectroscopy
The reﬂectance spectra were converted to the Kubelka–Munk
remission function, deﬁned by f(KM)= (1−R)2/2R= k/s, where R is
the reﬂectance, k is the absorption coefﬁcient and s is the scattering
coefﬁcient [16,19]. Assuming that the scattering coefﬁcient varies
only slightly as a function of wavelength over the range of interest,
the shapesof the remission functionand theactual absorptionspec-
trum in that wavelength range should be identical [12,16,19,20]. In
order to enlarge the resolution of the spectral curves, we applied
the second derivativemode of the Kubelka–Munk function, f(K–M),
using the OriginPro version 7.5 software [19]. The spectra for the
samples before extraction of PAHs with DCM are shown in Fig. 4A
and for the samples after extraction in Fig. 4B.In recent years, we
have used DRUV–VIS and EPR spectroscopy to assess the presence
of inorganic structures in soil and clay minerals, especially using
the Fe3+ ion, a common impurity in environmental materials, as a
probe [17,19,21,22].
In Fig. 4AandB the secondderivativemodeabsorption spectraof
the samples showbands (downwardpeaks)withhigher energy fea-
tures in 255nm, indicating ligand-to-metal charge transfer (LMCT)
transitions, O2− → Fe3+ [12,16,19]. That same absorption band, and
others between 180 and 300nm, can also be attributed to elec-
tronic transition in the substituted benzene structure, due to PAHs
or other organic matter structures present in the Brazilian oil shale
byproduct samples [23].
According to Sherman and Waite [16], absorption bands in
the 360–380nm range correspond to the ligand ﬁeld d–d tran-
sition for Fe –Fe ion couples in goethite, lepidocrocite and
maghemite. Two important phenomena occur with the transition
band at 371nm, attributed to d–d electronic transitions in the
goethite structure [12]. First, the band is broader in the two retorted
Brazilian oil shale byproduct samples (OSRsur and OSRins, Fig. 4A),
e important chemical elements before and after PAH extraction with DCM.
K2O MgO Na2O CaO TiO2
1.8 1.1 1.0 0.6 0.4
1.5 1.3 1.0 0.5 0.4
1.8 1.5 0.7 3.7 0.4
1.8 1.8 0.7 3.2 0.4
2.0 1.4 0.8 2.2 0.5
1.8 1.6 1.0 1.8 0.4
2.0 1.3 0.8 1.8 0.5
1.8 1.5 0.8 1.65 0.4
1.5 4.2 0.8 7.7 0.4
1.4 4.6 0.9 6.8 0.3
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Table 2
EPR parameters obtained from the oil shale byproduct samples analyzed before and
after PAH extraction with DCM.
Sample Spin g−1 (10e17) g-Factor H (mT)
ROSa 20.0 (±1.2) 2.0044 (±0.00005) 0.57 (±0.01)
ROSb 2.50 (±0.1) 2.0023 (±0.00001) 0.70 (±0.01)
POSa 3.49 (±0.2) 2.0035 (±0.00001) 0.43 (±0.01)
POSb 1.11 (±0.1) 2.0022 (±0.00011) 0.70 (±0.01)
ORSsura 13.9 (±0.1) 2.0031 (±0.00002) 0.64 (±0.01)
ORSsurb 4.79 (±0.1) 2.0022 (±0.00002) 0.80 (±0.01)
ORSinsa 15.6 (±1.0) 2.0029 (±0.00000) 0.63 (±0.01)
ORSinsb 5.93 (±0.1) 2.0022 (±0.00003) 0.70 (±0.01)
DLSa 0.364 (±0.1) 2.0031 (±0.00002) 0.40 (±0.01)
established by the U.S. EPA for solid samples (660gkg−1). Thisig. 4. DRUV–VIS secondderivativemodeKubelka–Munkequation analysis for ROS,
OS, DLS, OSRsur and OSRins samples. (A) Before sonication extraction with DCM.
B) After the sonication extraction with DCM.
uggesting the formation of goethite in these samples, as suggested
n the XRD study above. There is some correlation between the
ntensity of the 371nm band and the “weathering” degree of the
razilian oil shale byproduct samples. Second, this transition band
s less intense in the DCM extracted samples, suggesting extraction
f goethite together with PAH by the DCM. Tunega et al. [24] stud-
ed the interactions between a set of PAHs and the goethite surface
nd found that PAHs form relatively weak surface complexes hav-
ng their molecular plane practically parallel to the surface plane.
he origin of the interactions is in the polarization of the pi-system
y polar OH groups from the goethite surface and in the formation
f weak hydrogen bonds, where the pi-system from the PAH acts
s a proton acceptor. The strongest evidence of goethite structure
n the Brazilian oil shale byproduct studied here is the absorption
and around 479nm, assigned to a double d–d transition [12]. It
s clear also that the DCM extraction operation had an effect on
his band. In the extracted Brazilian oil shale byproduct samplesDLSb 0.670 (±0.1) 2.0024 (±0.00010) 0.50 (±0.01)
a Samples analyzed before PAH extraction with DCM.
b Samples analyzed after PAH extraction with DCM.
(Fig. 4B), the 479nm band diminished substantially, with a more
pronouncedevidenceof interactions between thegoethite andPAH
structures. Centered at 558nm in the DRUV–VIS spectra, a double
d–d transition band is themost intense absorption of hematite, giv-
ing this mineral its red color. The presence of bernalite (Fe(OH)3)
was detected in the ROS, POS and PLS samples due the transi-
tion band centered at 612nm [12]. Heating of ROS transforms the
bernalite into some other iron structure because the 612nm band
disappeared in the two retorted samples (OSRsur and OSRins).
3.6. EPR spectroscopy
Table 2 shows EPR data, indicating that the Brazilian oil shale
byproduct samples have an organic free radical (OFR) signal com-
posed of two different paramagnetic species: one with an EPR
g-factor of 2.0035 (POS not extracted) and the other with 2.0044
(ROS not extracted), with the spin density more localized on oxy-
gen atoms (half-ﬁlled p-orbital). All the other Brazilian oil shale
byproduct samples, before and after DCM extraction, presented
EPRg-factors varying from2.0022 to 2.0031, corresponding toOFRs
with spin density localized on the carbon atoms. The OFRs of the
Brazilian oil shale byproduct samples were also analyzed relative
to the spin density (concentration of spins per gram). In general, it
decreased with the removal of PAHs (Table 2). In agreement with
Jones et al. [25], our evidence shows that the signiﬁcant fractions of
OFRs removed (87.5% for ROS, 68.0% for POS, 65.5% for OSRsur and
62.0% for OSRins) were associated with the molecules of the PAHs
extracted. The linewidth ranged from 0.40 to 0.70mT, conﬁrming
that the paramagnetic resonance of the species, for the samples
before, and after, PAH extractions with DCM are of the OFR type.
4. Conclusions and recommendations
Oil shale and its byproducts are good examples of soils in dif-
ferent stages of weathering. In the Petrosix pyrolysis process, the
mineral of divalent iron pyrite is oxidized to goethite and the
clay mineral kaolinite is formed, probably from “weathering” of
albite. Of the 16 priority PAHs (U.S. EPA) in the Brazilian oil shale
byproduct samples, only naphthalene, ﬂuorene, phenathrene and
benzo[k]ﬂuoranthene were found in high concentrations. The oxi-
dation reactions occurring on the surface of the storage pile explain
the lower ﬂuorantene and naphthalene levels detected in the
retorted shale sample taken from the pile surface compared to that
obtained inside the storage pile. However, in general the analyzed
samples contained these 16 PAHs at limits below the thresholdsshows that the DCM extraction removes PAHs and goethite, sug-
gesting interaction between the goethite and PAH structures in
the Brazilian oil shale byproduct. The heating of ROS transformed
the bernalite into some other iron structure because the 612nm
l and A
a
s
D
a
b
w
t
b
a
t
b
o
A
B
c
P
R
[
[
[
[
[
[
[
[
[
[
[
[
[J. Nicolini et al. / Journal of Analytica
bsorption band disappeared in the two pyrolysed samples (OSR-
ur and OSRins). The raw samples and those not extracted with
CM (ROS and POS) presented OFR signals associated with oxygen
toms, while all the other Brazilian oil shale byproduct samples,
efore andafter theDCMextraction, showedOFR signals associated
ith carbon atoms. The method used in this study is appropriate
o analyze complex samples. The determination of the interaction
etween iron oxides and PAHs in the environmental samples is
useful development of chemical analysis methods. Because of
he results of this work, we urge the addition of Brazilian oil shale
yproduct to soils dispersed in shallow piles, to favor degradation
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